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A B S T R A C T   

In silico molecular docking studies, in vitro toxicity and in silico predictions on the biological activity profile, 
pharmacokinetic properties, drug–likeness, ADMET (absorption, distribution, metabolism, excretion, and 
toxicity) physicochemical pharmacokinetic data, and target proteins and toxicity predictions were performed on 
six copper(II) complexes with the non–steroidal anti–inflammatory drugs ibuprofen, loxoprofen, fenoprofen and 
clonixin as ligands, in order to investigate the ability of these complexes to interact with the key therapeutic 
target proteins of SARS–CoV–2 (Severe Acute Respiratory Syndrome Coronavirus 2) 3C–like cysteine main 
protease (3CLpro/Mpro), viral papain–like protease (PLpro), RNA–dependent RNA polymerase (RdRp), and 
non–structural proteins (Nsps) Nsp16–Nsp10 2′–O–methyltransferase complex, and their capacity to act as 
antiviral agents, contributing thus to understanding the role they can play in the context of coronavirus 2019 
(COVID–19) pandemic. Cytotoxic activity against five human cancer and normal cell lines were also evaluated.   

1. Introduction 

The synthesis, characterization and biological activity of six copper 
(II) complexes with the non–steroidal anti–inflammatory drugs 
(NSAIDs) ibuprofen (Hibu), loxoprofen (Hloxo), fenoprofen (Hfeno), 
and clonixin (Hclon) as ligands (Fig. 1) in the absence or presence of 
nitrogen–donors 2,9–dimethyl–1,10–phenanthroline (neocuproine, 
neoc), imidazole (Himi) or pyridine (py) as co–ligands has been recently 
reported. In this recent report, six Cu(II)–NSAID complexes, namely 

[Cu2(feno–O,O′)4(DMF)2] (1), [Cu2(loxo–O,O′)4(H2O)2] (2), [Cu 
(ibu–O)2(py)2(Н2Ο)] (3), [Cu(ibu–O)2(neoc)(H2Ο)] (4), [Cu(clon–O, 
O′)2(neoc)] (5) and [Cu(clon–O)2(Himi)2(EtOH)2] (6) (molecular 
structures depicted in Fig. 2), were characterized by IR and UV–vis 
spectroscopy, and by single–crystal X–ray crystallography. In addition, 
the interaction of the complexes with calf–thymus DNA and serum al
bumins as well as their free radical scavenging activity were examined 
by in vitro experiments and in silico calculations [1]. 

In continuation of this research, in silico studies were carried out in 
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an attempt to explore the ability of the complexes to act as potent 
SARS–CoV–2 (Severe Acute Respiratory Syndrome Coronavirus 2) 
antiviral compounds, and to elucidate a possible mechanism of action. 
SARS–CoV–2 contains a single–stranded positive–RNA genome of 
approximately 29,800 bases which encodes four structural proteins – 
spike (S) glycoprotein, small envelope (E) glycoprotein, membrane (M) 
glycoprotein, and nucleocapsid (N) – and sixteen non–structural pro
teins (Nsp1–Nsp16) that play important roles in virus transcription and 
replication [2]. 

The spike protein is the focus of ongoing efforts to develop a vaccine 
against SARS–CoV–2 [3]. Focusing on the binding of a drug to only a 
single target may restrict the therapeutic prospect of a potential new 
drug. It may be more effective to consider attacking several points in the 
virus, which are responsible for its life cycle or which affect the host’s 
immune response of the host. 

Among the non–structural proteins (Nsps) in SARS–CoV–2, Mpro/ 
Nsp5 [4], PLpro/Nsp3 [5], RdRp/Nsp12 [6], and helicase/NTPase 

(Nsp13) [7] are considered essential to the viral cycle [8]. Therefore, 
these have been targeted for docking and/or for the development of 
small–molecule inhibitors due to their clear biological functions [9]. In 
this context, complexes 1–6 were used for evaluating potential antiviral 
activity against SARS–CoV–2 via interaction with significant coronavi
rus protein targets 3C–like cysteine main protease (3CLpro/Mpro), viral 
papain–like protease (PLpro), RNA–dependent RNA polymerase (RdRp), 
and Nsp16–Nsp10 2′–O–methyltransferase complex. 

Some metal–based drugs have shown remarkable effects in 
combating virus replication and inhibiting a few key viral enzymes in 
the SARS–CoV–2 virus [10,11]. In a recent study supported by pro
tein–protein interactions between SARS–CoV–2 and human proteins, a 
large number of metalloproteins have been identified as metal
lo–binding interactors of SARS–CoV–2 proteins [12]. The majority of 
these metalloproteins interact with the accessory protein SARS–CoV–2 
orf8, the structural membrane protein SARS–CoV–2 M and the non
–structural proteins SARS–CoV–2 Nsp12 and Nsp13. In a review article, 
Cirri et al [10] explored potential metallo–therapeutics for COVID–19 
concluding that metallodrugs might offer an excellent opportunity to 
develop new antiviral drugs against COVID–19. Metal complexes as 
potential antiviral agents against SARS–CoV–2 target proteins have been 
discussed in a minireview by Karges and Cohen in which they proposed 
mechanisms of action [13]. A series of gold complexes functionalized 
with N–heterocyclic carbene or alkynyl ligands as well as Auranofin, an 
antirheumatic agent, have been studied as inhibitors of ACE2 [14]. 
These metal complexes are also known inhibitors of the PLpro of 
SARS–CoV–2, presenting a possible multimodal mechanism of action. 
Another recent study evaluated, through molecular docking, the in
teractions of 4′–acetamidechalcones with enzymatic and structural tar
gets of SARS–CoV–2 and with the host’s human angiotensin–converting 
enzyme 2 (hACE2) such as the spike protein, the main protease (Mpro), 
and the Nsp16–Nsp10 heterodimer methyltransferase [15]. Further
more, computational studies of selected transition metal complexes as 
potential drug candidates against the SARS–CoV–2 virus [16,17] reveal 
them to be potential inhibitors of spike protein, main protease (Mpro), 
and RNA–dependent RNA polymerase (RdRp) enzymes. Another cate
gory of metal complexes, Re(I) tricarbonyl complexes, were also found 
to demonstrate coordinate covalent enzymatic inhibition of 3CLpro/ 
Mpro [18]. In addition, a new class of noble metal complexes has been 
evaluated as potential SARS–CoV–2 antiviral agents [19]. These findings 

Fig. 1. (A) ibuprofen, (B) loxoprofen, (C) fenoprofen, (D) clonixin. (C: grey, O: 
red, H: white, N: blue, Cl: light green.) 

Fig. 2. (A) – (F) Structures of complexes 1–6, respectively (adapted from [1]). (C: grey, O: red, H: white, N: blue, Cu: dark green, Cl: light green.)  
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demonstrate that two pentamethylcyclopentadienyl (Cp*) rhodium 
piano–stool complexes have direct virucidal activity against 
SARS–CoV–2. A molecular docking study on binuclear Co(II), Ni(II), Cu 
(II), and Zn(II) diimine Schiff base complexes targeting SARS–CoV–2 
3CLpro/Mpro revealed that the Ni(II) complex showed the best binding 
capacity with Mpro [20]. 

On the contrary, a study of Grifagni et al [21] with a zinc ion bound 
to coronavirus Mpro rather than as part of a coordination compound 
investigates the zinc binding affinity and its ability to inhibit the 
SARS–CoV–2 Mpro. The study shows that zinc ion is coordinated to 
catalytic dyad Cys145/His41 and two water molecules completing a 
tetrahedral geometry (SARS–CoV–2 Mpro structures deposited at the 
Protein Data Bank (PDB) with ID codes: 7NXH and 7NWX, respectively). 
The zinc binding site has been also compared with that of other non
–viral cysteine–proteases reported to bind zinc, such as cathepsin S both 
in the metal–bound and metal–free state, reporting similar to those of 
SARS–CoV–2 Mpro, structural features. Interestingly, cathepsin S is 
predicted in our Target Prediction approach adopted through Swiss 
Target Prediction method to be bound with high possibility to complex 
5. The same is valid for cathepsins D and E as target proteins predicted to 
be bound to complex 1. The affinity of the protein for the zinc ion, 
although high, appears to be not sufficient to inactivate SARS–CoV–2 
Mpro, as almost all the intracellular zinc ion is bound to other proteins 
with similar or higher affinity. A more proper approach in the design of 
potent and more selective inhibitors of SARS–CoV–2 Mpro should be the 
development of metallodrugs with metal ions, coordinated to suitable 
ligands capable of interacting with additional sites on the protein sur
face. This may provide a significant increase in binding affinity. To that 
end, in the present study we are exploring the potential antiviral activity 
of copper(II) complexes in the context of binding to NSPs of 
SARS–CoV–2 with the employment of in silico molecular docking 
calculations. 

Additionally, in vitro toxicity and a variety of computational tools 
were employed to predict the complete biological activity profile of 
complexes 1–6. Predictive tools include general pharmacological po
tential, prediction of target proteins affected by the compounds, toxicity 
predictions, and calculation of ADMET (absorption, distribution, meta
bolism, excretion, and cytotoxicity) parameters, pharmacokinetic 
properties, drug–like nature and medicinal chemistry friendliness of the 
compounds. 

2. Experimental 

2.1. In silico computational methods 

2.1.1. In silico molecular docking calculations 
A series of in silico studies were employed in order to predict the 

potential antiviral activity of the complexes. We adopted molecular 
docking calculations on various target proteins related to SARS–CoV–2 
virus, including proteins and enzymes involved in various stages of viral 
infection of the host cell, playing a functional role in the viral life cycle 
and its replication and transcription. Details concerning the in silico 
molecular docking procedures are given in the Supporting information 
file (Section S1). 

2.1.2. Molecular pharmacokinetic properties, drug–likeness and toxicity 
predictions 

A chemo–informatics analysis of complexes 1–6 was carried out in 
order to calculate some physicochemical parameters, such as octanol/ 
water partition coefficient (LogP) (as a measure of their lipophilicity), 
Topological Polar Surface Area (TPSA), molecular volume, hydrogen 
bonding capacity, and molecular weight (MW), which play a vital role in 
generation and determination of the bioactivity and drug–likeness of the 
complexes. Additionally, pharmacokinetic properties and toxicity pre
diction studies were adopted. Details concerning the experimental pro
cedures used are found in the Supplementary data file (Section S3 and 

S4). 

2.2. In vitro toxicity studies 

The in vitro toxicity activity of complex 3 was evaluated against four 
well–established human cancer cell lines: ovarian cancer (OVCAR–3) 
cells, breast adenocarcinoma (MCF7) cells, prostate adenocarcinoma 
(PC–3) cells, lung adenocarcinoma (A549) cells, and normal human lung 
(MRC5) cells and cytostatic (growth inhibition: IC50, TGI) and cyto
toxic/cytocidal (IC50) activity were determined. Detailed procedures 
regarding the in vitro study of the biological activity of the complex are 
given in the Supporting Information (Section S2). 

3. Results and discussion 

3.1. In silico molecular docking studies on SARS–CoV–2 target proteins 

In silico molecular docking calculations were employed to evaluate 
the ability of complexes 1–6 and the NSAIDs Hfeno, Hloxo, Hibu, and 
Hclon to bind to a number of target proteins related to SARS–CoV–2 
viral infection including: (i) 3C–like cysteine main protease (3CLpro/ 
Mpro) (PDB IDs: 6LU7, 7C6S, and 6XHM), (ii) papain–like protease 
(PLpro) (PDB ID: 6W9C), (iii) RNA–dependent RNA polymerase (RdRp) 
(PDB ID: 6M71), and (iv) Nsp16–Nsp10 2′–O–methyltransferase com
plex (PDB ID: 6W4H). The best–scored pose of docked compounds in 
each target macromolecule was selected for evaluation of binding in
teractions. Binding free energy for each pose was also determined and 
the pose with the lowest free binding energy was selected for further 
visualization studies. The computed binding energies for the best 
docking poses of the compounds on these target proteins are shown in 
Table S1. 

3.1.1. 3C–like cysteine main protease 
SARS–CoV–2, similar to many other single–stranded RNA viruses, 

employs a chymotrypsin–like protease (3CL main protease, or 3CLpro/ 
Mpro) to enable the production of non–structural proteins essential for 
viral replication [22]. 3CLpro/Mpro(Nsp5) has a pivotal role in the 
proteolytic activation of the SARS–CoV–2 spike at S1/S2 site. Mpro by 
autocleavage between Nsp4 and Nsp6 [23], removes the N– and 
C–terminal regions in order to produce mature enzymes. Mpro functions 
as a cysteine protease cleaving polyproteins at 11 positions to release 
functional units Nsp6–Nsp16 for virus replication and packaging within 
the host cells [24]. 

Detailed investigation of the structure and catalytic mechanism of 
Mpro has revealed it as an attractive target for anti–coronavirus drug 
development since it plays a key–role in viral transcription and repli
cation, and no human proteases are known with the same substrate 
specificity [25], thus making it an attractive and promising therapeutic 
drug target for SARS–CoV–2 and discovery of novel antiviral protease 
inhibitor drugs [26]. If an individual is already infected with the virus, 
then a drug that binds to the protease and stops it from creating mature 
viral proteins could be administered and finally viral replication could 
be slowed. At the time this work was completed, no protease inhibitors 
targeting SARS–CoV 3CLpro/Mpro had been approved by U.S. Food and 
Drug Administration (FDA), despite significant research effort during 
the past fifteen years [27]. 

Structural and functional role of 3CLpro/Mpro is reported in the 
Supporting Information (Section S1.1). Mpro, unlike other chymo
trypsin–like enzymes and many Ser or Cys hydrolases, has a Cys-His 
catalytic dyad instead of a canonical Ser(Cys)-His-Asp(Glu) triad, with 
the substrate–binding site located in a cleft between domains I and II 
[28], and domain III is responsible for the enzyme dimerization, 
enabling the active form of the macromolecule [29]. In the active cat
alytic site, which constitutes another binding site of the protein, the 
important residues taking place in the mechanism of action are cysteine 
C145 and histidine H41 (this is why Mpro is a cystine protease). 

E.G. Geromichalou et al.                                                                                                                                                                                                                      



Journal of Inorganic Biochemistry 231 (2022) 111805

4

Nucleophilic C145 attacks the amide bond of a peptide and H41 electron 
rich nitrogen atom grabs the cysteine proton leaving it with enough 
negative charge to attack the peptide bond [30]. This type of enzyme is 
excellent target for irreversible inhibition. 

Binding energies for the best–docking pose of complexes 1–6 and 
Hfeno, Hloxo, Hibu, and Hclon on 3CLpro/Mpro (PBD entry code 6LU7) 
are cited in Table S1. Best–bound compound (with higher binding ca
pacity and affinity for the protein) was revealed to be complex 2. 
Complexes 1, 2, 4, and 5 were found to possess better binding affinity 
than their corresponding NSAIDs, except 3 and 6, for which Hibu and 
Hclon, respectively, exhibited better binding capacity. The docking pose 
of best–bound complex 2 (with the lowest binding energy) is illustrated 
in Fig. 3, along with its NSAID Hloxo on the crystal structure of the 
enzyme, superimposed with its inhibitor N3. Complex 2 was shown to 
bind at the periphery of the substrate-binding region which is located 
between domains I and II and in the binding site of N3 inhibitor. 

Complex 2 is anchored in a binding cavity of Domain I of protomer a, 
at the ridge of the antiparallel β–barrel structure (Fig. 3a). Complex 2 
adopts a binding position in a way that one of the four loxo wings of 2 is 
inserted into the hydrophobic S2 subunit consisting of the side chains of 
H41, M49, F140, L141, N142, G143, H163, T24, T25, M49, T45, Y54, 
N119, Y118, and M165 residues, at the same place occupied by the N3 
inhibitor backbone build structure. As it is illustrated in Fig. 3d, complex 
2 is stabilized in its binding pocket with one loxo arm placed between 
histidine H41 and cysteine C145 residues constituting the catalytic dyad 
(Fig. 3b, d). Binding contacts of 2 with the critical to catalytic activity 

residues H41 and C145 involve π–π stacking interactions of the aromatic 
imidazole side chain of histidine with the phenyl ring of loxo moiety of 2 
and π–alkyl hydrophobic type contact of C145/CB with the aromatic phe 
ring of loxo moiety (3.6 Å). Additional binding contacts of 2 are reported 
in the Supporting Information (Section S1.1). Common contacts of 2 
with the inhibitor N3 revealed to be H41, C145, N142, T24, H163, T26, 
and L141 residues. Residues S46 and M49 of the small helix (residues 
45–50) are shown to stabilize one of complex’s 2 loxo wings inside the 
binding pocket. This region of the enzyme has also been identified by 
molecular dynamics (MD) simulation, as one of the most malleable sites 
(showing the largest root–mean square fluctuations (RMSF)), possibly 
able to accommodate various chemical groups [31]. Furthermore, E166 
and P168 residues of β–hairpin loop (residues 166–170) are also used for 
the stabilization of 2 and N3 in the binding cavity. 

Binding energies for the best docking pose of 1–6 and the NSAIDs on 
3CLpro/Mpro (PBD entry codes: 7C6S and 6XHM) are given in Table S1. 
Best–bound complexes on 7C6S and 6XHM 3CLpro/Mpro proteases 
revealed to be 2 (for 7C6S) and 6 (for 6XHM). All complexes (with the 
exception of 2 in 6XHM protein) were found to possess better binding 
affinity than the corresponding NSAIDs. 

Best binding pose of each complex is depicted in Fig. 4. Both com
plexes 2 and 6 are docked in a binding pocket at the same place occupied 
by the co–crystallized inhibitors (boceprevil, U5G) in 7C6S and V2M in 
6XHM, respectively (Fig. 4, upper panel). Stabilization of complex 2 
may be attributed to π–π stacking, hydrogen bond (Hb), hydrophobic 
(Hph), π–alkyl, polar (P), π–polar and π–anion electrostatic contacts 

Fig. 3. Docking pose orientation of best–bound complex 2 on 
the symmetric dimer unit of SARS-CoV-2 3CLpro/Mpro (PBD: 
6LU7). Target enzyme illustrating its two subunits (protomers 
a and b) is depicted either in cartoon–colored by chain (pro
tomers a and b in sky blue and firebrick red, respectively) with 
additional depiction of a semitransparent surface for the unit 
colored according to protomer colors (b), or in opaque surface 
of the homodimer of Mpro colored by chain according to b (c). 
Structural analysis, along with the binding pose of complex 2 
superimposed with the co–crystallized protease inhibitor N3 
in the protomer a of the enzyme structure is depicted in (a) 
illustrating the domains I (residues 8–101), II (residues 
102–184), and III (residues 201–303) of the asymmetric unit 
in cartoon representation colored in sky blue, deep teal, and 
split pea green, respectively, while loop regions 1–7, 185–200, 
and 305–306 are shown in wheat color. A close–up view of the 
binding interaction architecture of 2 in the catalytic active site 
of the enzyme (protomer a in sky blue cartoon with additional 
depiction of selected contacting residues flanking the catalytic 
active cavity rendered in stick model and colored according to 
cartoon) is shown in (d). The catalytic dyad (H41–C145) is 
also indicated in dashed white ovals (b, d).Catalytic residues 
H41 and C145 are depicted in stick model and colored ac
cording to atom type in violet C atoms. Complex 2, its NSAID 
Hloxo, and N3 inhibitor are rendered in stick model and 
colored according to atom type in limon, salmon, and hot pink 
C atoms, respectively. Binding contacts of 2 and N3 are shown 
as dotted yellow and orange lines, respectively. Hydrogen 
atoms are omitted from all molecules for clarity. Heteroatom 
color–code: Cu: orange and O: red. The final structure was 
ray–traced with depth cue in the ray–tracing rendering of the 
cartoon and illustrated with the aid of PyMol Molecular 
Graphics Systems. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version 
of this article.)   
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involving the following residues: glutamate E166 (Hb, P, and π–anion), 
histidine H163 (π–π), asparagine N142 (Hb), leucine L141 (π–polar), 
glycine G143 (π–polar), serine S144 (π–polar and P), alanine A191 (P), 
threonine T26 (P), cysteine C145 (P), phenylalanine F140 (P), T169 (P 
and Hph), S1 (π–alkyl), H172 (π–alkyl), methionine M165 (π–alkyl), and 
proline P168 (Hph) (Fig. 4, lower panel). Most interacting residues were 
found to be common with those of loxo and boceprevil inhibitor. The 
binding of complex 6 in its pocket was achieved with the formation of 
hydrogen bond (Hb), hydrophobic (Hph), π–alkyl, polar (P), π–polar and 
π–cation electrostatic contacts involving the following residues: gluta
mine Q83 (Hb), lysine K88 (Hb), H41 (Hb), valine V42 (Hb), tyrosine 
Y37 (Hb), H80 (P), V36 (π–polar), C145 (π–polar), L87 (P), T25 
(π–polar), K88 (π–cation and π–alkyl), L27 (π–alkyl), V86 (π–alkyl), C22 
(π–alkyl), V20 (π–alkyl), arginine R40 (π–alkyl), F66 (π–alkyl), and P39 
(Hph). Most interacting residues found to be common with those of clon 
and V2M inhibitor. Since complex 6 bears an imidazole ligand, it is 
interesting to notice the therapeutic potentials of a new series of imid
azole derivatives against Mpro and RdRp target proteins of SARS–CoV–2 
[32]. The compounds displayed various levels of binding affinities for 
the SARS–CoV–2 drug targets. Bis–imidazole C2 scored highest against 
all the targets, with its aromatic rings including the two imidazole 
groups contributing to the binding. 

Although copper(II) complexes interact potently with Mpro specif
ically in close proximity to the critical to catalytic activity residues H41 
and C145, yet they do not make covalent contacts with them in order to 
possess irreversible inhibition, as, for example, the antineoplastic drug 
carmofur does [33]. For inhibitors, the covalent linkage is critical to 
maintain its antiviral activity [34]. Furthermore, no copper(II) com
plexes were able to inhibit the dimerization of 3CLpro/Mpro influencing 
its functional protease activity (are not docked at the responsible for the 

enzyme dimerization Domain III). 
In a recent study of Günther et al [35] performing a large–scale X–ray 

crystallographic screen of SARS–CoV–2 main protease (3CLpro/Mpro) 
against two drug–repurposing libraries, beyond the catalytic binding 
site harboring the catalytic dyad comprised of Cys (C145) and His (H41) 
in its active site, additionally, two allosteric binding sites were identi
fied, representing attractive targets for drug development against 
SARS–CoV–2. One of the allosteric inhibitors, AT7519, revealed to bind 
to an allosteric binding site formed by a deep groove between the cat
alytic domains and the dimerization domain of the enzyme. In silico 
docking experiments indicated the binding pocket comprising residues 
Gln (Q107), Pro (P108), Gly (G109), Gln (Q110), Asn (N151), Asp 
(D153), Val (V202), Ile (I249), Phe (F294), Thr (T292), Arg (R298), and 
Tyr (Y154). 

It is of interest to notice that one of the studied compounds, complex 
1, seems to be anchored at the same place occupied by AT7519, in a deep 
cleft between the catalytic and dimerization domain of the enzyme 
(Fig. 5). The docking procedure indicates the stabilization of complex 1 
in this allosteric binding site with almost all of the binding contacts of 
AT7519, with the exception of Arg (R298) and Tyr (Y154). Binding in
teractions of 1 with residues of the allosteric site are reported in the 
Supporting Information (Section S1.1). 

Oral antiviral candidate drug Paxlovid™ (a combination of Pfizer’s 
investigational antiviral PF–07321332 and a low dose of ritonavir, an 
antiretroviral medication traditionally used to treat HIV by inhibiting 
cytochrome P450 and slowing the metabolism of protease inhibitors), a 
specifically SARS–CoV–2 3CL protease inhibitor designed by Pfizer, was 
found to reduce the risk of hospitalization or death by 89% compared to 
placebo in non–hospitalized high–risk adults with COVID–19. Paxlovid 
is going to be approved by the FDA and is currently under phase II/III 

Fig. 4. Molecular docking of complexes 2 and 6, and their 
NSAIDs Hloxo and Hclon, as well as the protease inhibitors 
boceprevil (U5G) of 7C6S and V2M of 6XHM, on two SARS- 
COV-2 3CLpro/Mpro enzymes. The final alignment of struc
tures derived by the superimposition of 7C6S and 6XHM 
proteases. The structures were aligned by PyMol Molecular 
Graphics System. The overlay of the two resolved structures of 
3CLpro/Mpro 7C6S and 6XHM are illustrated in cartoon mode 
and colored in deep purple and yellow–orange, respectively, 
with additional depiction of a semitransparent surface colored 
according to cartoon representation. All compounds are 
rendered in stick model and colored according to atom type in 
split pea green (2), slate blue (6), deep teal (Hloxo), cyan 
(Hclon), white (boceprevil), and hot pink (V2M), C atoms. A 
close–up view of the binding interaction architecture of 2 and 
6 in their binding pockets superimposed with Hloxo and 
Hclon, respectively, with additional depiction of selected 
contacting residues rendered in stick model and colored ac
cording to cartoon, are shown at the lower panel. Binding 
contacts are shown as dotted yellow and deep purple lines. 
Hydrogen atoms are omitted from all molecules for clarity. 
Heteroatom color–code: Cu: split pea green (in 2), brown (in 
6), Cl: green, O: red, and N: blue. The final structure was 
ray–traced with depth cue in the ray–tracing rendering of the 
cartoon and illustrated with the aid of PyMol Molecular 
Graphics Systems. (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version 
of this article.)   
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EPIC–HR (Evaluation of Protease Inhibition for COVID–19 in High–Risk 
Patients), II/III EPIC–SR (Evaluation of Protease Inhibition for COV
ID–19 in Standard–Risk Patients), and EPIC–PEP (Evaluation of Protease 
Inhibition for COVID–19 in Post–Exposure Prophylaxis) studies. The 
trial will finish in early 2022. PF–00835231 has been found to bind 
covalently to the protease’s active site, inactivating the enzyme. The 
crystal structure of Mpro in complex with PF–073213327SI9 at 1.6 Å 
resolution (PDB ID: 7VH8) has recently resolved and deposited 
(2021–09–21) [36]. Additionally, crystal structure with PDB ID: 7SI9, 
has also been resolved and deposited (2021− 10− 12). The binding 
pocket of PF–07321332 is found in the active site of Mpro, at the same 
place where complex 2 is also bound, and is stabilized forming a cova
lent bond to C145. It is intriguing the fact that almost all the binding 
residues of PF–073213327SI9 are common with those of complex 2 

(catalytic dyad H41/C145, M49, F140, L141, N142, G143, S144, H163, 
M165, E166, L167, P168, H172, Q189, and T190). New binding residues 
of PF–073213327SI9 revealed to be Y54, D187, R188, and Q192. 

Other SARS–CoV–2 Mpro–targeting compounds like Pfizer’s com
pound, are also in development such as PBI–0451 (by Pardes, oral in 
phase I), S–217622 (by Shionogi, oral in phase III), EDP–235 (by Entana, 
oral in phase I planned), and 13b–K (by University of Lubeck, inhaled, 
preclinical), most of which mimic the peptides cleaved by Mpro, cova
lently binding to cysteine residues in the active site to inhibit the 
enzyme. 

3.1.2. Papain–like protease (PLpro) 
Another attractive antiviral target for inhibiting SARS–CoV–2 virus is 

papain–like protease (PLpro) non–structural protein 3 (Nsp3), an essen
tial component of the replicase–transcriptase complex which cleaves 
pp1a and pp1ab viral polypeptides [37]. Inhibition of this viral protease 
results in impaired viral replication in host cells. Along with protease 
activity, the PLpro possesses deubiquitinating activity, which is impor
tant in immune regulation. PLpro is a cysteine protease with a classical 
Cys-His-Asp catalytic triad (Cys112, His273, Asp287), which cleaves the 
viral polyprotein, releasing Nsp1, Nsp2, and Nsp3 [38]. 

Binding energies for the best–docking pose of complexes 1–6 and the 
NSAIDs on SARS-CoV-2 PLpro (PBD ascension number: 6W9C) are given 
in Table S1. Best bound compound (with higher binding capacity and 
affinity for the protein) was revealed to be complex 4. Complexes 3 and 
4 were found to possess better binding affinity than Hibu and 2 better 
than Hloxo, while 1 and 5, 6 were found to exhibit lower binding ca
pacity than Hfeno and Hclon, respectively. The binding of best docking 
scored pose of complex 4 (with the lowest binding energy), super
imposed with its NSAID Hibu, is illustrated in Fig. 6. Complex 4 is shown 
to be anchored in the active site of the enzyme that contains a classic 
catalytic triad composed of Cys-His-Asp, where Cys acts as nucleophile 
(Fig. 6, left panel). Complex 4 is stabilized adjacent to Blocking loop 2 
(BL2) in the Palm Domain and in close proximity to catalytic triad 
C111–H272–D286. The molecular docking results demonstrated that the 
binding residues responsible for the stabilization of complex 4 in the 
binding site include lysine K105 (π–cation), tryptophane W106 (π–π 
T–shape with neoc moiety aromatic rings, π–alkyl, and π–polar), tyro
sine Y264 (π–polar), asparagine N267 (π–polar), Y273 (π–polar), Y268 
(π–π stacking with neoc moiety rings), arginine R166 (hydrogen bond), 
lysine K157 (polar), alanine A107 (π–alkyl), glutamate E161 (polar), 
aspartate D164 (hydrogen bond), glycine G163 (π–polar), proline P248 
(hydrophobic), glutamate Q167 (π–polar), D108 (polar), leucine L162 
(π–polar), K92 (polar), and methionine M208 (polar and hydrophobic) 
(Fig. 6, right panel). These binding residues are part of subunits A and C. 
Residues of subunit B do not make any contact with 4. Residues denoted 
in italics are located in palm domain, underscored in finger domain, and 
the rest in the thumb domain of the enzyme. N267 and Y268 residues are 
part of the BL2 region of the PLpro. Common residues responsible also for 
the binding of Hibu stabilization in the structure are Y264, R166, G163, 
and L162. 

The binding contact residue Y268 of complex 4 was also frequently 
involved in intermolecular bonds with a number of dietary compounds 
including (− )–epigallocatechin gallate and cyanidin–3–O–glucoside. 
Additionally, in the 6w9c structure of SARS–CoV–2 PLpro, 3 k and 
GRL–0617 naphthalene–based inhibitors formed hydrogen bond and 
salt bridge contacts with Y264 (the first) and hydrogen bonds with G266 
and N267 (the second) [39]. A series of natural phytochemical com
pounds such as oleanolic acid, ursolic acid, 
3b–acetoxyolean–12–en–27–oic acid, and isovitexin of Vitex negundo, 
showed inhibitory activity against PLpro of SARS–CoV–2 [40]. The 
PLpro–ursolic acid complex shows that it stabilizes the protein through 
conventional hydrogen bonding at amino acid residues Asp108 and 
coheres at Ala107, Pro248, and Tyr264 with Alkyl, π–Alkyl interaction. 
Ligand 3b–acetoxyolean–12–en–27–oic acid forms the conventional 
hydrogen bond and alkyl bond with residues Gly160 and Leu162, 

Fig. 5. Docking pose orientation of best–bound complex 1 on protomer a of 
SARS-CoV-2 3CLpro/Mpro (PBD: 6LU7). Target enzyme is depicted in cartoon 
colored in deep purple. A close–up view of the binding interaction architecture 
of 1 in the allosteric binding site of the enzyme in a deep cleft between the 
catalytic and dimerization domain of the enzyme with additional depiction of 
selected contacting residues rendered in stick model and colored in split pea 
green is shown in the upper panel of the molecular structure. Binding residues 
of complex 1 in the allosteric binding pocket are Gln (Q107), Pro (P108), Gly 
(G109), Gln (Q110), Asn (N151), Asp (D153), Val (V202), Ile (I249), Phe 
(F294), and Thr (T292). The two critical residues of the catalytic site 
(H41–C145) are also indicated in yellow–orange sticks (lower panel). Complex 
1 is rendered in ball–and–stick model and colored according to atom type in 
orange. Binding contacts are shown as dotted yellow lines. Hydrogen atoms are 
omitted from all molecules for clarity. Heteroatom color–code: Cu: brown, O: 
red, and N: blue. The final structure was ray–traced and illustrated with the aid 
of PyMol Molecular Graphics Systems. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of 
this article.) 
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respectively. The isovitexin stabilizes the structure through Pi–anion 
and amide Pi–stacked interaction with the residues Glu161 and Gly160. 
In another study, organoselenium compound ebselen proved to be 
potent PLpro inhibitor. Ebselen binding with 6W9C structure of PLpro 

identified critical binding interaction that are common with the binding 
contacts of complex 4, such as K105, W106, Y268, L289, and A288. 

3.1.3. RNA–dependent RNA–polymerase (RdRp) (Nsp12–Nsp7–Nsp8 
complex) 

The replication of SARS–CoV–2 genome is dominated by a replica
tion/transcription complex which contains several subunits. The com
plex is composed of viral Nsps and the core of the complex is the 
multimeric protein RNA–dependent RNA polymerase (RdRp) in Nsp12 
[41]. RdRp is an essential enzyme encoded in the genomes of all 
RNA–containing viruses with no DNA stage, i.e. RNA viruses, including 
SARS–CoV–2. Inhibition of RdRp activity is blocking replication and 
prevents viral transcription [42]. RdRp catalyzes SARS–CoV–2 RNA 
replication from an RNA template and, hence, is an obvious target for 
antiviral drug design. The function of the Nsp12 requires accessory 
factors, including one Nsp7 and two Nsp8. More specifically, it catalyzes 
synthesis of the RNA strand complementary to a given RNA template. 
RdRps are responsible for transcription and replication of viral RNAs 
[43]. 

RdRps can be used as drug targets for viral pathogens as their 
function is not necessary for eukaryotic survival. Currently, the US FDA 
has approved remdesivir inhibitor of SARS-CoV-2 RdRp. Remdesivir is a 
nucleotide analog which inhibits the function of RdRp by covalently 
binding to and interrupting termination of the nascent RNA through 
early or delayed termination or preventing further elongation of the 
RNA polynucleotide [42]. Structural and functional role of RdRp is re
ported in the Supporting Information (Section S1.2). 

Binding energies for the best docking pose of complexes 1–6 and the 
NSAIDs on SARS-CoV-2 RdRp (PBD ascension number: 6M71) are 
summarized in Table S1. Best–bound compound (with higher binding 
capacity and affinity for the protein) was revealed to be complex 5. All 
complexes were found to possess better binding affinity than the cor
responding NSAIDs. Best binding pose of each complex is depicted in 
Fig. 7. Schematic diagram for the domain organization of the RdRp 
complex, containing Nsp12, Nsp7, and two copies of Nsp8 (Nsp8–1 and 
Nsp8–2), showing important domains in RdRp is illustrated in Fig. 7. 
The N–terminal portion of Nsp12 contains a β–hairpin (residues V31 to 
K68) and a unique nidovirus–specific RdRp–associated nucleotidyl
transferase (NiRAN, residues V69 to R249) extension domain 

comprising of six helices with three stranded β sheets at the N–terminus. 
The β–hairpin is sandwiched by the palm subdomain in RdRp core and 
NiRAN forming close contacts to stabilize the overall structure [44]. The 
C–terminal catalytic domain of Nsp12 (residues L366 to F932) adopts a 
canonical cupped right–handed configuration of all viral RdRp 
composed of the Fingers, Palm, and Thumb subdomains, connecting to 
NiRAN through an interface subdomain (residues A250 to R365). The 
core protein looks like a cupped right hand which is further sub–divided 
into subdomain including Finger domain (L366 to A581 and 
K621–G679), Palm domain (T582 to P620 and T680 to Q815), and 
Thumb domain (H816 to Q932) [45]. Nevertheless, complex 5 was 
found to be positioned in a higher and lower binding energy pocket 
surrounded by NiRAN and Palm subdomains in one, and NiRAN, Fingers 
and Interface subdomains, in the other, are far from the active catalytic 
site and may exert its effects through altered interaction with other 
components of the replication–transcription complex or with the RNA 
template Nsp12 (NiRAN, interface, fingers, palm and thumb) (Fig. 7, 
upper panel). Complex 3, although found to be docked to the protein in 
higher binding energy, is positioned in a pocket formed between the 
loop connecting fingers domain with palm domain, in one side, and the 
lower sheet of the β–sheet cluster, in the other, in close proximity to 
remdesivir binding site, near the catalytic site. Hibu is located at this 
second part of the pocket. Complex 3 is stabilized at the vicinity of the 
active catalytic site, nevertheless not being able to make contacts with 
its critical residues. Binding contacts of 3 include stable interactions 
with the residues: K500, N496, V557, A558, Q573, L576, K577, A580, 
R583, I589, G590, S682, G683, D684, A685, A688, and Y689. Binding 
residues common with remdesivir are K500, Q573, S682, G683, D684, 
A685, A688, and Y689 (Fig. 7, lower panel). Complexes 6 and 1, bound 
to the protein via higher binding energy than 3, were found to make 
common contacts with remdesivir with the inclusion of D760, T680, 
A688, T687, and S682 residues (the first), and T680, N691, and D760 
residues (the second). It is interesting that 1 is bound to the protein with 
D760, one of the catalytic site residues of motif C. 

3.1.4. 2′–O–methyltransferase (2′OMTase) (Nsp16–Nsp10 complex) 
2′–O–methyltransferase (2′OMTase), a Nsp16 non–structural pro

tein, is a methyltransferase enzyme that mediates mRNA cap 
2’–O–ribose methylation to the 5′–cap structure of viral mRNAs, and 
forms a heterodimer together with its allosteric activator Nsp10 [46]. 
The role Nsp16 plays in the virus’s life cycle is to perform the final step 
of RNA cap synthesis. Capping of the 5′–end of mRNA stabilizes it, 
preventing degradation by the host cell, and helps to reduce an innate 

Fig. 6. Docking pose orientation of best bound complex 4 and 
Hibu (rendered in sphere and stick model and colored by atom 
type in split pea green and yellow–orange C atoms, respec
tively) on the crystal structure of SARS–CoV–2 PLpro (PBD: 
6W9C). Target protein is illustrated in cartoon colored by deep 
teal (subunit A), sky blue (subunit B), and light blue (subunit 
C), with additional depiction of a semitransparent surface 
colored according to cartoon representation and indication of 
the catalytic triad in dashed white oval. A close–up view of the 
binding interaction architecture of 4 in its binding pocket 
superimposed with Hibu and additional depiction of selected 
contacting residues rendered in stick model and colored ac
cording to atom type in violet C atoms, are shown at the right 
panel. Complex 4 and Hibu are found to be stabilized in close 
proximity to catalytic triad (C111, H272, and D286) colored 
by atom type in hot pink C atoms. Zn ion is shown as purple 
sphere. Binding contacts are shown as dotted yellow lines. 
Hydrogen atoms are omitted from all molecules for clarity. 
Heteroatom color–code: Cu: orange, O: red, and N: blue. The 
final structure was ray–traced with depth cue in the ray–
tracing rendering of the cartoon and illustrated with the aid of 
PyMol Molecular Graphics Systems. (For interpretation of the 

references to color in this figure legend, the reader is referred to the web version of this article.)   
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immune response. The N7–methyl guanosine cap is a prerequisite for 
binding of Nsp16, therefore plays an essential role in viral mRNAs cap 
methylation and effective RNA translation, which is essential to evade 
the host immune system [47]. Viruses that infect eukaryotic organisms 
generally modify the 5′–cap of viral RNAs to mimic the hosts mRNA 
structure. In this manner, the virus protects itself from degradation by 
5′–3′ exoribonucleases, ensures efficient translation and helps to prevent 

recognition by the host immune system. SARS–CoV–2 encodes one 
S–adenosyl–methionine (SAM)–dependent methyltransferase (a 
2′OMTase also known as the nonstructural protein 16, Nsp16) [48]. 
Inhibition of the Nsp16 2′OMTase may represent a promising thera
peutic target for the identification of new anti–SARS–CoV–2 drugs to 
treat COVID–19. The functional role of 2′OMTase is reported in the 
Supporting Information (Section S1.3). 

Binding energies for the best docking pose of complexes 1–6 and the 
NSAIDs on SARS–CoV–2 2′OMTase (Nsp16–Nsp10 heterodimer com
plex) (PBD: 6W4H) are given in Table S1. Best–bound compound (with 
higher binding capacity and affinity for the protein) was revealed to be 
complex 5. All complexes were found to possess better binding affinity 
than the respective NSAIDs with the exception of complex 2. 

Complex 5 binds at the same region with both SAM and the RNA 
molecule binding to a groove proximal to the SAM binding pocket 
(Fig. 8). Complex 5 seems to occupy the SAM binding site acting as 
antagonist for SAM binding. Complex 5 is positioned in a binding cavity 
sharing both SAM and RNA binding pockets formed by helices αΖ, αЕ, 
η5/αН, αD, η4, αА, and η1, as well as β–sheets β1 to β8 (Fig. 8, right 
panel). Binding interactions stabilizing 5 in its binding cavity include: 
π–polar with neoc moiety (asparagine N46, N104, N201, serine S204, 
and glutamate E206), π–cation with neoc moiety (lysine K49), π–π 
stacking and π–alkyl with neoc (tyrosine Y135), π–alkyl with neoc 
(methionine M45), and polar (leucine L103, Y135) (Fig. 8, left panel). 
Binding interactions of Hclon include: K173 (π–cation), D133 (π–anion), 
Y135 (π–π stacking, π–alkyl, and π–polar), proline P137 (π–alkyl), S77 
(π–polar), aspartate D102 (π–anion), D136 (π–polar), D78 (π–anion), 
and M134 (π–alkyl). Binding residues common with SAM are indicated 
in bold face. Additional binding residues stabilizing SAM in its binding 
pocket include: D117, Y50, glycine G74, alanine A75, G76, histidine 
H72, G84, cysteine C118, and P83. Common contacts of 5 with the 
residues of the catalytic active site are K173, E206, K49, and D133 
(underscored). Cap binding residues coordinating m7GpppA involve 
Y33, S205, threonine T175, Y135, K140, and H177. The guanosine ring 
of m7GpppA stacked with tyrosine Y135 which revealed to be also a 
binding contact of 5, while the phosphate groups of m7GpppA were 
mostly stabilized by side–chain atoms of Y33, Y135, K140, T175, S204, 
and S205. It is interesting that serine S204 was found also to interact 
with 5. D133 binding contact of complex 5 is also involved in the 
RNA–binding. 

Notably, L103, D78, D133, D102, and Y135 binding contacts of 5 
were found also to stabilize the S–adenosylhomocysteine (SAH) analog 
sinefungin [34] in the SAM cleft. From the above it may be deduced that 
complex 5 may antagonize the natural ligand SAM in Nsp16 and thus 
could be a potent inhibitor of Nsp16, to limit viral replication in infected 
cells, favoring viral clearance. 

3.2. In vitro toxicity studies 

The growth inhibition/cytostatic and cytocidal/cytotoxic effects 
induced by complex 3 against human ovarian adenocarcinoma 
(OVCAR–3) cells, breast adenocarcinoma (MCF7) cells, prostate 
adenocarcinoma (PC–3) cells, lung adenocarcinoma (A549) cells, and 
human normal lung (MRC–5) cells, are presented in Table S2 and reveal 
that the administered complex caused a dose–dependent inhibition of 
cell proliferation. The dose–effect curves for all treated cell lines are 
illustrated in Fig. S1 demonstrating the different chemosensitivity of the 
cell lines to the studied complex. The order of cell line chemosensitivity 
for the complex was found to be: OVCAR–3 > A549 > MCF–7 > PC3 ≈
MRC5. Complex 3 exhibited a moderate cytostatic and cytotoxic effect 
against ovarian and lung cancer cell lines, displaying IC50 values below 
the threshold of 100 μM. Examining the cytotoxic potency of 3 against 
cell lines, it was revealed to be similar for OVCAR–3 and A549, exhib
iting IC50 values of 66.0 μM and 72.0 μM, respectively. More sensitive to 
the administration of 3 were demonstrated to be OVCAR–3 cells. Lower 
toxicity of 3 was revealed for MCF–7 cells, while the rest cell lines (PC3 

Fig. 7. (Upper panel) Docking pose orientation of best bound complex 3 and 
Hibu (rendered in stick model and colored by atom type in yellow–orange and 
hot pink C atoms, respectively) on the crystal structure of SARS–CoV–2 RdRp 
(PBD: 6M71). Target protein is illustrated in cartoon with α–helices shown as 
cylinders, β–strands as arrows, and loops as strands, colored according to 
structure characterization of subdomain components of the RdRp complex as 
follows: β–hairpin, yellow–orange; NiRAN, violet purple; Interface, split pea 
green; Fingers, sky blue; Palm, firebrick red; Thumb, slate blue; Nsp7, orange; 
Nsp8–1, teal; and Nsp8–2, deep teal, with additional depiction of a semi
transparent surface colored according to cartoon representation. (Lower panel) 
A close–up view of the binding interaction architecture of 3 in its binding 
pocket superimposed with Hibu illustrated as semitransparent surface with 
additional depiction of selected contacting residues rendered in stick model and 
colored according to atom type in sky blue and firebrick red corresponding to 
Fingers and Palm, respectively. Binding contacts are shown as dotted yellow 
and violet lines. Hydrogen atoms are omitted from all molecules for clarity. 
Heteroatom color–code: Cu: orange, and O: red. The final structure was ray–
traced and illustrated with the aid of PyMol Molecular Graphics Systems. 
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and MRC–5) were proved to be more resistant to the administration of 
the complex. Human lung–derived MRC5 cells are highly susceptible to 
the infection of various human coronaviruses, including HCoV–OC43, 
HCoV–229E and Middle East respiratory syndrome coronavirus 
(MERS–CoV) [49]. Furthermore, it is of interest that, since it is well 
known that ACE2 acts as an entry receptor for SARS–CoV–2, Uemura et 
al [50] have engineered MRC5 cells to express ACE2 and serve as a 
model system for the discovery of antivirals targeting SARS–CoV–2. 
Their results revealed that SARS–CoV–2 replicates efficiently in MRC5/ 
ACE2 cells identifying them as a virus–susceptible human cells, 
concluding that the MRC5/ACE2 cells will be important in developing 
specific anti–viral therapeutics and will assist in vaccine development to 
combat SARS–CoV–2 infections. With the employment of the MRC5/ 
ACE2 cells the researchers managed to evaluate antiviral activities of a 
number of small molecules, including remdesivir. To this context, the 
study of in vitro cell toxicity of complex 3 against MRC5 cells would be of 
some significance despite that it was not used the engineered MRC5/ 
ACE2 cells. 

3.3. Molecular pharmacokinetic properties, drug–likeness, target proteins 
and toxicity predictions 

The molecular physicochemical pharmacokinetics properties of 
complexes 1–6 related to Lipinski’s Rule of Five(Ro5) with the 
employment of Molinspiration property engine to analyze the drug–like 
properties of the compounds are reported in Table S3. Better approxi
mation to Ro5 was revealed for complexes 3–5 (better bioavailability) 
and worst for 1, 2, and 6. It has been reported that compounds which are 
violating two or more of the Lipinski’s rule parameters may create 
problems in bioavailability [51]. 

The obtained values of drug–likeness score revealed that complexes 
1 and 2 presented the lower drug–likeness score (Table S3). Table S3 
shows complexes 3 and 4 comply with the Ro5 criteria, violating only 
the molar mass criterion and marginally the milogP for 4. However, still 
this discordance is considered to be acceptable for good drug–likeness 
behavior, as only the violation of more than 2 criteria would render a 
molecule as a non–orally available drug [52]. Theoretical miLogP values 
of compounds 3 and 6 and marginally 4, were found to be below 5, 
suggesting, according to Ro5, good permeability across the cell mem
brane. According to Veber’s Rule complex 5 exhibits TPSA values lower 
than 140 Å2 and number of rotatable bonds 10 and is thus predicted to 
have good oral bioavailability according to Veber’s Rule. Complexes 1, 

3, and 4 comply only with TPSA calculated values. The Ghose filter is 
also fulfilled for complexes 3–6 (natoms restricted between 20 and 70: 
44, 48, 53, and 53, respectively), and marginally for complex 2 (natoms 
= 76), with only one exception for complex 1 which violates this rule 
exhibiting natoms = 84. 

The probable biological activity profiles for complexes 1–6 and the 
determination of drug–likeness score of compounds through Molinspi
ration bioactivity score prediction (G–protein–coupled receptors ligands 
(GPCR), kinase inhibitors, ion channel modulators, nuclear receptors) 
are depicted in Table S4. The larger the bioactivity score has higher 
probability of the specific molecule to be active. The obtained drug–
likeness score values from Table S4 reveal that complexes 3 and 4 
exhibit bioactivity score higher than − 0.50, indicating moderate activity 
for these compounds (for both compounds considerable protease in
hibitor activity was revealed since they displayed bioactivity scores 
higher than 0.00). On the contrary, complexes 1 and 2 found to possess 
the lowest bioactivity scores. 

The results regarding the drug–likeness parameter predictions and 
physicochemical characteristics of complexes 1–3, and 5, 6, based on 
PreADMET application are shown in Table S5. All compounds are 
computed not qualified to CMC like rule and found to violate Lead like, 
Rule of Five, and WDI (World Drug Index) like rules, whilst it observed 
no violation (suitable) for MDDR–like rule. The MDDR–like rule de
scribes a molecule as drug–like or non–drug–like on the basis of the 
number of rings, rigid bonds, and rotatable bonds. The PreADMET re
sults suggested that all compounds have good drug–like properties, at 
least for one rule, as they adhered to the MDDR–like rule (did not report 
any violations regarding the MDDR rule descriptors). However, they did 
not obey the rest rules. The WDI standard is a measure based on com
pounds that have molecular properties within the 90% upper limit found 
in the WDI (World Drug Index). Regarding the WDI–like rule, the 
compound does not display properties similar to this library. 

ADMET prediction [53] is very essential to assess the behavior of 
compounds that can be used as pharmaceuticals. The ADMET pharma
cokinetic data of complexes 1–3, and 5, 6, based on PreADMET appli
cation, are reported in Table S6. The ADMET prediction method 
involving Madin–Darby Canine Kidney cell permeability (MDCK), 
Caco–2 cell permeability, Human Intestinal Absorption (HIA), skin 
permeability, and blood–brain barrier (BBB) penetration, was also 
employed for these compounds by PreADMET, with the results sum
marized in Table S6. The results suggested that for BBB, all compounds 
were found to exhibit high absorption displaying values enough higher 

Fig. 8. (Right panel) Docking pose orientation of best–bound 
complex 5 and Hclon (rendered in stick model and colored by 
atom type in yellow–orange and orange C atoms, respectively) 
on the crystal structure of SARS–CoV–2 2′OMTase 
(Nsp16–Nsp10 heterodimer complex illustrated as cartoon 
colored in deep teal and chocolate, respectively with addi
tional depiction of semitransparent surface) superimposed 
with SAM (rendered in stick colored in hot pink C atoms) in 
the small unit crystal form (PDB ID: 6W4H). SAM–binding site 
and RNA–binding groove are also indicated in dashed yellow 
and hot pink ovals, respectively. (Left panel) A close–up view 
of the ligand binding architecture mapping of 5 in its binding 
pocket superimposed with Hclon and SAM, as well as the 
residues implicated in SAM and RNA binding pockets (high
lighted in deep purple) onto the SARS–CoV–2 Nsp16 structure 
(opaque surface in deep teal) showing the relative positions of 
the SAM and RNA binding regions. Binding contacts are shown 
as dotted yellow lines. Hydrogen atoms are omitted from all 
molecules for clarity. Heteroatom color–code: Cu and Cl: 
green, N: blue, and O: red. The final structure was ray–traced 
and illustrated with the aid of PyMol Molecular Graphics 
Systems.   
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than the threshold 2.0 (CBrain/CBlood > 2.0), while only complex 6 
exhibiting a value of 0.21 displayed middle absorption (0.1–2.0). The 
penetration of the blood brain barrier is critical in the pharmaceutical 
field [54], because compounds showing penetration to BBB can be used 
as central nervous system (CNS) drugs (one category being the NSAID 
drugs). Thus, all compounds classified as active in the CNS and may 
cause collateral effects. The latter is also supported in terms of TPSA 
(Table S3) with a value of 166.22 Å2 (values greater than 140 Å2 exhibit 
poor permeability).The Caco–2 cell permeability (PCaco–2) (nm/s) and 
permeability across MDCK cell permeability (PMDCK) (nm/s) cell models 
have been used as a reliable in vitro model for the prediction of oral drug 
absorption, with the Caco–2 cells derived from human epithelial colon 
adenocarcinoma having various routes of drug transport through the 
intestinal epithelium [55]. All compounds showed medium permeability 
to Caco–2 cells with the values ranging between 10 and 100 nm/s 
(Table S6). In accordance with Irvine et al [56], PMDCK (nm/s) system 
cells can be used as tool for rapid screening permeability. The test 
compounds presented low permeability in the PMDCK (<25) cell system 
with permeability values ranging from 0.0338 to 0.0434. ADMET results 
showed that complexes 1–3, and 5, 6 are well–absorbed by human in
testinal [57] with HIA values ranging between 70 and 100% defined for 
well absorption. Intestinal absorption is defined as a percentage absor
bed rather than as a ratio of concentrations, with ADMET predicting the 
HIA after oral administration. The prediction of HIA can identify the 
potential candidate drug, as well as predict its route of administration 
and efficacy [58]. A well–absorbed compound is one that is absorbed at 
least 90% into the bloodstream in humans. The analysis of PreADMET 
identified that complexes 1–3, 5 and 6 displayed HIA values of 98.07%, 
100.00%, 99.05%, 98.29%, and 94.96%, respectively, being good can
didates for oral drug since they are able to be well absorbed by the in
testine. Complex 6 showed the lowest absorption equal to 94.96%, 
whereas complex 2 showed the highest value of HIA equal to 100.00%, 
as shown in Table S6. The ADMET prediction results of these compounds 
revealed also an excellent percentage of plasma protein binding (PPB) 
(100%), with the exception of complex 6 which exhibited PPB value of 
62.43%, leading to weak binding (values <90% represent weak binding, 
and values >90% represent strong binding). For aqueous solubility of 
compounds 1–5, the predicted values found to be extremely low, indi
cating very good absorption, with the exception of complex 6. The CYP 
enzymes, particularly isoforms 1A2, 2C9, 2C19, 2D6 and 3A4, were 
responsible for about 90% of oxidative metabolic reactions [59]. The 
more CYP isoforms a given molecule inhibits, the more likely it will be 
involved in drug–drug interactions (DDI) with many other drugs [60]. 
Complexes 1–3, 5 and 6 showed to be either inhibitor, substrate or no 
activity on various CYP isoforms. Drugs that inhibit CYP2C19 and 
CYP2C9 enzyme activity tend to increase plasma concentrations and, in 
some cases, adverse effects may occur [61]. According to preADMET, 
among the screened compounds, only complex 2 observed to inhibit 
these two CYP isoforms, while the rest compounds predicted to be 
non–inhibitors. The results revealed that complexes 1–3, and 5 have no 
CYP2D6 inhibitory activity, which is responsible for the metabolism of 
many drugs and toxic chemicals.CYP2D6 is involved in the metabolism 
of drugs such as antiarrhythmics, adrenoceptor antagonists and tricyclic 
antidepressants [62]. Only complex 6 was found to possess inhibitory 
activity against CYP2D6. Cytochrome CYP3A4 is an enzyme responsible 
for the oxidation of small organic molecules (xenobiotics), such as toxins 
or drugs, so that they can be removed from the body, found mainly in the 
liver and intestine [63]. According to the preADMET analysis, all com
plexes found to act on the inhibition of CYP3A4, and at the same time to 
be substrate of CYP3A4. The MDCK evaluation, useful for the rapid 
screening of cell membrane permeability, has demonstrated that the 
compounds have low MDCK cell permeability (values less than 25), i.e. 
they have low diffusivity in cell membranes. Pgp glycoprotein is an 
efflux pump found in cells of the small intestine, blood–brain barrier, 
hepatocytes and proximal tubule of the kidney, serving as a protective 
function for the body against xenobiotics. Intestinal absorption, biliary 

excretion and urinary excretion of Pgp substrates can, therefore, be 
altered by the inhibition or induction of Pgp [64]. According to the 
preADMET analysis, complexes 1–3, and 5 can act as an inhibitor of Pgp. 
This factor must be taken into account for their administration in order 
not to generate bioaccumulation in either animal models or in humans. 
In contrast, complex 6 does not act as Pgp inhibitor. The solubility of 
complexes (with the exception of 3 and 6) in pure water as well as in a 
buffered solution is extremely low. Therefore, for their use as drugs, 
there is the need to use a pharmaceutical system that makes water sol
ubility feasible. The permeability of the skin is another important 
parameter since it allows the prediction of the rate of skin permeability, 
a crucial parameter for the transdermal delivery of medications and for 
the risk assessment of all chemicals that come into contact with the skin 
accidentally [65]. Good absorption via the skin is documented for 
complexes 2 and 3 (higher than − 3 threshold value). 

Physicochemical descriptors and predicted ADMET parameters, 
pharmacokinetic properties and drug–likeness nature of complex 5 with 
the aid of SwissADMET predictions are reported in Table S7. The 
bioavailability radar of complex 5 is depicted in Fig. S1. From the pre
dicted descriptors it is deduced that complex 5 bears moderate lip
ophilicity, high human intestinal absorption and ability to act as a 
P–glycoprotein substrate. Furthermore, it is not shown to be able to pass 
the BBB, nor to inhibit various CYP metabolism enzymes. Nevertheless, 
due to its bulk size and number of aromatic rings it seems to violet the 
adopted rule tests (Lipinski, Ghose, Egan and Muegge, violating from 
one to three parameters including molecular weight, number of atoms, 
and logP), with the exception of Veber test for which it possesses drug 
likeness properties. 

Target Prediction approach was adopted through Swiss Target Pre
diction method. The target proteins predicted with higher possibility to 
be bound to studied complexes derived from Swiss Target Prediction are 
reported in Table S8. Some of the proteins depicted in Table S8 with 
higher possibility to act as targets for complexes 1–6 are renin, apoptosis 
regulator Bcl–2, cathepsins D and E, dipeptidyl peptidase 4 (DPP4), and 
cannabinoid receptor 1 (CNR1). Details concerning selected predicted 
targets are found in the Supplementary data file (Section S1.3). It is of 
interest that among the most possible predicted targets for complexes 3 
and 4 is DPP4. This target, which is identical to adenosine deaminase 
complexing protein–2, and to the T–cell activation antigen CD26, is an 
intrinsic type II transmembrane glycoprotein and a serine exopeptidase 
that cleaves X–proline dipeptides from the N–terminus of polypeptides. 
DPP4 is highly involved in glucose and insulin metabolism, as well as in 
immune regulation. This protein was shown to be a functional receptor 
for human coronavirus MERS–CoV, and protein modeling suggests that 
it may play a similar role with SARS–CoV–2 [66]. 

The prediction of compound toxicities is an important part of the 
drug design development process. Computational toxicity estimations 
are not only faster than the determination of toxic doses in animals, but 
can also help to reduce the amount of animal experiments. The rat acute 
toxicity of the complexes predicted by the in silico tool GUSAR on the 
basis of PASS (Prediction of Activity Spectra for Substances) technology 
via four types of administration (intraperitoneal, intravenous, oral, and 
subcutaneous), are shown in Table S9. Predictions of LD50 values of rat 
acute toxicity, based on the structural formula of the tested compounds, 
are reported along with the acute rodent toxicity classification of the 
compounds. Higher toxicities are documented for complexes 1 and 2 for 
all routes of administration. According to route of administration com
plexes 1–6 were estimated to have moderate, slight, and practically 
non–toxic behavior based on the calculated LD50 values. Furthermore, 
toxicity profile data parameters of complexes 1–6 based on preADMET 
application are displayed in Table S10. In vitro values of acute algae 
(algae_at) and daphnia (daphnia_at) toxicity were predicted to be within 
the acceptable range with extremely low values. By performing pre
ADMET analysis, it was possible to verify whether the studied complexes 
are able to inhibit hERG that may cause prolongation of the QT interval 
(electrocardiographic parameter representing the duration of electrical 
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systole – cardiac contraction), resulting in potentially fatal ventricular 
tachyarrhythmia called Torsade de Pointes [67]. All complexes dis
played medium risk for hERG gene coding for the α–subunit of potas
sium ion channel in humans. In this case, the administration of these 
compounds should be cautious in cases of cardiopathies. Additionally, 
all compounds predicted to be mutagenic according to Ames test. Ac
cording to the results of Table S10, the toxicity prediction of complexes 
1–6 on Carcino Mouse and Carcino Rat models revealed no carcinogenic 
activity for mice and rats. Prediction of acute Daphnia (fish) toxicity also 
showed extremely low levels of toxicity for all compounds. The same is 
valid for small fishes, such as minnow (Pimephales promelas) and medaka 
(Oryzias latipes) which are used as toxicology research models world
wide, considering the maximum toxic concentration acceptable up to 
0.01 mg/L. All compounds displayed practically no toxicity on these 
organism models (values range in the level of e–7 to e–13). Using pre
ADMET, the compound did not predict to have mutagenic activity, being 
negative to TA1535_10RLI, TA100_NA, and TA100_10RLI strains. 
However, mutagenic activity (positive values) was observed only for 
strain TA1535_NA. 

Further toxicity evaluation of complexes 2 and 5 were adopted with 
the OSIRIS Property Explorer. For complex 5, the prediction revealed no 
potential toxicity risks of tumorigenicity, irritating effects, mutage
nicity, and reproductive effects (predicted via toxicity risks of Property 
Explorer applet). For complex 2, irritating risk due to its high–risk for 
irritating effects cyclopentanone fragments was predicted. Medium–risk 
toxicity risk of reproductive effects was indicated by both cyclo
pentanone ring fragments and main loxo fragment ligand. Finally, no 
potential toxicity risks of tumorigenicity and mutagenicity effects were 
documented. 

In general, the studied compounds qualified for drug–likeliness and 
ADMET showing satisfactory results and can be further selected to study 
the interactions between the drug target by molecular docking and 
interaction studies. 

4. Conclusions 

Molecular docking procedure revealed the ability of the studied 
copper(II) complexes to interfere with critical targets of SARS–CoV–2. 
The study has demonstrated that these compounds could potentially 
bind to 3C–like cysteine main protease, papain–like protease, 
RNA–dependent RNA–polymerase, and Nsp16–Nsp10 
2′–O–methyltransferase complex target proteins of SARS–CoV–2 
involved in the progression of COVID–19, highlighting their role in the 
replication of the virus. Additionally, in vitro toxicity and a variety of 
computational tools were employed to predict the complete biological 
activity profile, the pharmacokinetic properties, the drug–like nature, 
and possible toxicity of the compounds, distinguishing the risky ones. 
Liable scoring functions for the compounds according to their ADMET 
properties predicted by in silico models. 

Further experimental studies are needed to thoroughly elucidate the 
underling mechanism of antiviral activity and to explore possible clin
ical effect of the compounds and the role they can play in COVID–19 as 
antiviral therapeutic agents with the employment of molecular dynamic 
simulations, construction of pharmacophore models, and quantum 
chemical studies to understand structural features essential for the 
activity. 
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